I. An alcohol dehydrogenase (alcohol : NAD oxidoreductase, EC (I . I . I) was isolated from the supernatant fraction of mouse liver and purified zo6-fold.
In recent years the existence of free fatty aldehydes has been demonstrated in several mammalian tissues (Gilbertson, Ferrell & Gelman, 1967; Radloff & Ferrell, 1970; Gilbertson, Johnson, Gelman & Buffenmyer, rg72) , in luminous bacteria (Ferrell, Kessler & Drouillard, 1971) and various fruits (Schmid & Bandi, r 969; Ferrell & Drouillard, 1970; Starratt & Harris, 1971) . Fatty alcohols have also been shown to exist in mammalian tissues (Takahashi & Schmid, 1970; Bandi & Mangold, 1971 ). Experiments (Schmid & Takahashi, I 970 ) studying the incorporation of radioactively labelled palmitic acid and cetyl alcohol into plasmalogens have shown that when palmitic acid was the precursor, radioactively labelled long chain alcohols could be isolated from the lipid extract.
Cetyl alcohol was readily oxidized to the fatty acid. However, attempts to isolate an intermediate aldehyde were unsuccessful.
Decanaldehyde
and palmitaldehyde, as well as many aromatic aldehydes, were shown to act as substrates for an aldehyde reductase from bovine brain (Tabakoff & Erwin, I 970) .
The enzymic reduction of palmitic acid to cetyl alcohol has been shown to occur in microsomes using NADPH, ATP, CoA and Mg++. The reverse reaction required NAD, rather than NADP, and the additional cofactors were unnecessary (Snyder & Malone, I 970) .
Broccoli leaves contain an enzyme or enzymes with the ability to reduce palmitaldehyde to the corresponding alcohol using NADPH (Kolattukudy, 1971) . The enzyme was inhibited by p-chloromercuribenzoate (CMB).
The reduction of fatty acids to primary alcohols has been demonstrated with a cell free preparation from Euglena gracilis. ATP, CoA and NADH were required and an aldehyde intermediate was trapped (Kolattukudy, r 970 ).
An alcohol dehydrogenase from Candida tropicalis (Lebeault, Roche, Duonjak & Azoulay, 1970) was active towards a number of aliphatic alcohols.
The enzyme failed to react with very short chain alcohols.
It has been shown (Stoffel, Sticht & LeKim, 1968; Stoffel, LeKim & Meyn, 1970) Evidence for a CoA-linked dehydrogenase in bovine heart, which could convert fatty acids to fatty aldehydes has been presented (Ferrell, 1967) 
MATERIALS
AND METHODS I. ENZYME PREPARATION AND PURIFICATION Thirtv-dav-old Swiss-Webster male mice were used throughout these experiments. The mice were killed bv cervical dislocation. the liver removed. weighed and homogenized fbr I minute with j volumes (w/v) of cold (4" C) 0.25 M sucrose in a Waring blender at full speed. This homogenate was separated into supernatant and particulate fractions by centrifugation at Ioo,ooog for 75 minutes at 4' C.
PrecipitaAon with ammonium sulfate was accomplished by adding solid ammonium sulfate (Mann Research Labs, New York.) to 20 ml. aliquots of the supernatant solution; After the ammonium sulfate was completely dissolved, the solution was allowed to stand for 30 minutes at 4" C with intermittent stirring. Precipitates were removed by centrifugation. The fractions insoluble at 0.3 saturation (fraction I), soluble at 0.3 but insoluble at 0.6 (fraction 2) and soluble at 0.6 but insoluble at 0.9 (fraction 3), were collected and dissolved in a minimum amount of o*Q'?/, saline. Ammonium sulfate was removed by p&&g each fraction through a I x 15 cm column of Sephadex G25 (Pharmacia Fine Chemicals, Piscataway, XT T \ ".J.,.
The supernatant was also heated in a 70" C water bath for I 5 minutes and then cooled in ice. Precipitated protein was removed by centrifugation at 20,000 g for 20 minutes. The resulting supernatant solution was vacuum dialyzed against glass distilled water at 5' C until the volume was reduced by 80%. This concentrated solution was recentrifuged to remove any solids and the supernatant stored frozen until used.
Diethvlaminoethvl cellulose IDEAE) and carboxylmethyl cellulose (CM) were obiained from Carl Scheicher & Schuell, Keene, N.H. Serva GE cellulose was obtained from Gallard-Schesinger Chemical Corp., Carl Place, N.Y. After washing with 0.5 N NaOH and 0.5 N HCl the celluloses were washed with phosphate buffer and finally suspended in buffer and adjusted to the appropriate pH.
Sephadex G25, G75, G150 and QAE-A-50, were allowed to swell in 0.05 M phosphate buffer at pH 6.8 for 2, 12, 48 and 14 hours respectively. Fines were decanted before the slurries were packed into I x 30 cm. columns. Elution was &complished under gravity flow using 0.05 M uhosohate buffer at PH 6.8.
T&e cellulose a&l Sephadex ion exchangers were eluted using either-stepwise or linear salt gradients or a steowise DH gradient. The eluent was monitored at 280 nm. and I ml. fractions were collected and assayed for enzyme activity.
ENZYME ASAYS
Enzyme assays were carried out either spectrophotometrically or fluorometrically. A unit of activity is defined as the ability to reduce I nanomole of aldehyde per minute.
For the spectrophotometric assay, the amount of reduced or oxidized pyridine nucleotide coenzyme at 340 nm. was measured as a function of time using a Beckman Model DB spectrophotometer, equipped with a recorder. The total volume of the solution was 2.3 ml. in a I cm. square quartz cuvette. All assays were run at room temperature (23" C f I' C). 6ne ml. of potassium phosphate buffer (0.1 mmole) and 0.3 moles of NADH were used in each assay except where noted in legends. The DH of the buffer was 6.8 exceDt where noted.
Enzyme solution (0.1 ml.) was added along with sufficient glass distilled water to bring the total volume to 2.3 ml. Aldehydes were dissolved in sufficient Tween 20 and water to make a clear solution. Enzyme reactions were initiated by the addition of substrate. The enzyme solution was standardized for ADH activity at the beginning and end of each day by checking its activity against a standard amount of C,, aldehyde. Tween 20 showed no effect on the kinetics being studied.
For the second method an Eppendorf Photometer with a fluorescence attachment was used with a HG 3x3-366 filter for excitation and a HG 4oo-3ooo filter for emission. The basic procedure was the same as just described except that the total volume was increased to 3 ml., with distilled water, and reactions were initiated by the addition of NADH or NADPH.
In all experiments kinetic data were calculated from the initial slope rate after 5 minutes of reaction. To minimize the error in these measurements, every attempt was made to keep the initial slope between 30" and 60" by adjustments in enzyme concentration.
The NADH, NADPH and NAD were purchased from General Biochemicals (Chagrin Falls, Ohio). Fatty aldehydes used in this study were synthesized (Ferrell & Yao, 1972) and cetyl alcohol was obtained from Sigma (St. Louis, MO.). All substrates were purified by TLC (Gllbertson et al., 1967) . Samples of n-butanal, isobutanal and acetaldehyde were purified by distillation and the purity checked by GLC on EGSS-X at temperatures ranging from 30" C to 180" C. Only aldehydes with purities of greater than gg 'A were used.
As a precaution against oxidation, all solutions of aldehyde, Tween 20 and water were made fresh daily. It was sometimes necessary to warm the aldehyde solutions under tap water in order to obtain a clear solution. All reagents, except the enzyme, which was kept in ice, were allowed to reach room temperature before use.
Quantitative analysis of the different aldehydes was accomplished as described previously (Ferrell, Radloff & Jackiw, 1969 ) from aliquots of the various aldehyde solutions. Protein concentrations were determined spectrophotometrically (Waddell, 1956 ).
RESULTS

I. ENZYME ISOLATION AND PURIFICATION
Following precipitation
with ammonium sulfate, the overall recovery of ADH activity in the various fractions was around 70%. This activity was found to be distributed between fraction 2 and fraction 3. Fraction 2 contained 40% of the recovered activity while fraction 3 contained 60%. By adjusting fraction 3 so that it contained all material soluble at 0.55 saturation, but insoluble at 0.9 saturation, the percentage of enzyme activity in this fraction could be increased to 68%. Further attempts to purify the enzyme by ammonium sulfate precipitation were halted when it was found that the precipitated fractions slowly became inactivated when stored either frozen or cold.
The heat inactivation study of the supernatant was carried out to assess the presence of more than one NADH-dependent ADH enzyme in the supernatant.
The increasing the bound to the celluloses at a pH at which it specific activity of the supernatant by a factor would retain activity. On CM cellulose of 2.8. Therefore, the heat treatment was the enzyme could only be bound at a pH of used as the first purification step for sub-5 or lower, and at this pH the enzyme was sequent preparations.
Vacuum dialysis of irreversibly denatured (See pH curve , FIG. 2) . the supernatant obtained after heating was DEAE cellulose was also unsuccessful in carried out to concentrate the enzyme binding the enzyme over a pH range of activity.
The dialysis step also succeeded in 6 to 8.5. GE cellulose was found to bind the precipitating extraneous protein, thereby enzyme at a pH of 9.5 or higher. However, increasing the specific activity by an addithe enzyme was partially denatured at this pH. tional factor of approximately 2.
The
The enzyme was purified further by applyrecovery of total enzyme activity was 86%.
ing 2 ml. of the dialyzed solution, buffered Assay of the dialysate revealed that none to pH 8.5 with phosphate buffer, to a of the enzyme had passed across the mem-DEAE column also buffered at pH 8. 1 Activity determined using [I -Wltetradecanal and an incubation procedure described previously (see Ferrell & Kesler, 1971 ).
Attempts to purify the enzyme further by chromatography on Sephadex columns were also unsuccessful, again due to loss of activity.
Purified enzyme solutions were found to be unstable at room temperature.
However, the stability could be increased by keeping the enzyme cold or frozen. After 3 days at 2' C, the purified enzyme had lost 53% of its activity, while the frozen enzyme had lost only r I %. Due to this instability, the enzyme was stored frozen after the dialysis step and was further purified only when additional enzyme was required.
PROPERTIES OF THE ENZYME
The cofactor requirements of the enzyme have previously been investigated in vitro (Ferrell & Kessler, 1971) . These workers showed that the enzyme required a reduced The Michaelis constants for NADH and NADPH were determined from Lineweaver-Burk plots.
The concentration of n-butanal was 2.2 x 10-4 M and the concentration of dodecanal was 3.8 x 10-5 M. The reaction was carried out at pH 6-8 at room temperature. The rate of the reaction was measured fluorometrically as described in the text. pyridine nucleotide, NADH being more effective than NADPH.
These results were further substantiated here (Table II) . The effect of pH on the reduction of n-butanal was studied using NADH.
Effects on the affinity of the enzyme were eliminated by using a series of substrate concentrations at each pH level assayed.
From this data, the maximum velocity (I',,,) for each pH level was calculated and plotted against pH as shown in FIG. 2 . Optimum activity was obtained between pH 6 and 7. A similar curve was obtained with tetradecanal.
The activity of the enzyme toward aldehydes of even and odd chain lengths from C, to C,, was determined and the Michaelis constants (X,) and I',,, values calculated for The rate of the reaction was determined by followine the reduction of NAD as described in the text. V equals nmoles of alcohol oxidized per ml. of enzyI;;e per minute.
has been described. This enzyme, obtained from mouse liver supernatant, was purified no6-fold.
Attempts to purify the enzyme and to determine its molecular weight by gel filtration were unsuccessful due to loss of activity following chromatography. The complete lack of enzymatic activity suggests that some essential cofactor had been separated from the enzyme rather than a simple denaturation of the protein. However, recombination experiments, as well as adding glutathione and several different ions, were unsuccessful in restoring activity.
The differences in our purification procedure for the ADH from mouse liver and that described for rat liver ADH (Markovic et al., 1971) shows that different enzymes are involved.
Their enzyme was purified by ammonium sulfate precipitation between 0.35 and 0.75 saturation, dialyzed, followed by application to a DEAE column and finally subjected to gel filtration on Sephadex G IOO. The rat liver enzyme was relatively stable only at pH 8 or higher and the optimal temperature for storage was o" C. Even under these conditions the enzyme lost over 50% of its activity in 4 days. Markovic et al. ( 1g71) , suggested that the instability of the enzyme was due to oxidation of SH groups in the enzyme. Alcohols ranging from ethanol to cyclohexanol were found to be substrates for the enzyme.
However, the reduction of aliphatic aldehydes to alcohols was not studied. A partiallypurified rat liver ADH was also prepared by ammonium sulfate precipitation between 0.55 and 0.85 saturation after concentration by a heating step at 50' C for 2 minutes (Stoffel et al., 1970) .
In our experiments with mouse liver ADH it was found that purification by precipitation with ammonium sulfate was unsuitable due to the large loss of enzyme activity during storage of the precipitated fractions. The enzyme in the impure state was heat stable. Heating the solution containing the enzyme at 70' C for 15 minutes resulted in only a 4% loss of activity.
However, after purifica-
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tion by DEAE chromatography, the enzyme was found to be heat sensitive and could be kept active only by refrigeration or freezing.
This heat sensitivity could be due to the loss of a protective agent. In contrast to the purified enzymes from horse and rat liver, mouse liver ADH is more stable when frozen than under refrigeration.
Our purified enzyme was found to be stable over a pH range of 6 to 8.
The enzyme showed a wide substrate specificity.
Aliphatic aldehydes such as acetaldehyde and butyraldehyde act as excellent substrates for the enzyme.
Longer chain fatty aldehydes, up to Crs, were found to be less readily reduced.
The possibility of multiple enzymes has been suggested (Stoffel et al., 1970) to explain the kinetics of the reduction of aldehydes of different chain lengths.
In the present study, all efforts to purify the enzyme failed to reveal the presence of more than one alcohol dehydrogenase in the supernatant.
The results of the heat inactivation study also suggests that the enzyme activity was due to a single enzyme.
A review (Sund & Theorell, r 963 ) of studies on the kinetics of the liver ADH reaction reveals that the enzyme acts by forming all four binary complexes between the enzyme, NAD, NADH, and the aldehyde or alcohol.
The binary complexes can then form two ternary complexes, containing substrate and coenzyme, in rapid equilibrium with each other.
From the kinetic point of view, this is described as the Theorell-Chance mechanism (T.-C. mechanism).
In the present study it was found that equal reaction rates were obtained independent of whether the enzyme was preincubated with substrate or coenzyme, thereby supporting the view of the T.-C. mechanism.
The effect of pH on mouse liver ADH (FIG. 2) gave a fairly broad optimum between pH 6 and 7. If the enzyme followed the typical T.-C. mechanism one might expect changes in [H+] to influence the step where H+ is being transferred.
However, in our experiments preincubation of the enzyme at various pHs from 4 to IO, followed by an assay for activity at pH 7, showed that, at pH 5 or below and above pH g, irreversible denaturat on of the enzyme occurred.
Thus it is felt that the observed pH optimum is due to irreversible denaturation and that the mechanism of mouse liver ADH may not be totally explained by the T.-C. mechanism.
Horse liver ADH has been reported (Sund & Theorell, 1963) to oxidize a variety of alcohols.
The enzyme was also able to reduce various aldehydes and could oxidize formaldehyde and other aldehydes to the corresponding acids. Mouse liver ADH possesses the ability to oxidize cetyl alcohol. However, it showed no measurable activity with ethanol.
The enzyme showed a preference for NADH over NADPH by a factor of 4.8, using dodecanal as substrate at a concentration of 3.8 x IO-~ M. In contrast, horse liver ADH was only one-hundredth as active with NADH as NADPH. ADH isolated from broccoli leaves preferred NADPH to NADH by a factor of 5-fold for the reduction of palmitaldehyde (Kolattukudy, I 97 I), whereas the rat liver enzyme showed no preference for either coenzyme (Stoffel et al., 1970) .
From the X,,, and V,,,values (Table III) (Shore & Theorell, 1966) . The association of the alcohol with E-NADH was thought to be lipophilic in nature due to the increasing inhibition exhibited with increasing chain length.
In the present study, it was observed that substrate inhibition also generally increased with increasing chain length. This inhibition could be viewed as the result of the combination of the nonpolar part of the aldehyde with a lipophilic site of the E-NAD complex, which would otherwise interact with the nonpolar end of the alcohol, resulting in the formation of an E-NAD-aldehyde abortive complex.
The same mechanism has been
